INTRODUCTION
Pultrusion is one of the composites manufacturing processes used for continuous fabrication of constant cross-section components. Since mechanical performance of a pultruded part depends upon the quality of its cure, the understanding of heat and mass transfer and resin cure in pultrusion is extremely important.
In the past, many researchers [e.g. [1] [2] [3] [4] [5] [6] [7] have used computer simulation to model these phenomena. However none of them considered the effects of temperature-dependent material properties and resin shrinkage in pultrusion of hollow and irregular composites parts.
Thermal properties k and p C of a fully cured thermosetting resin are usually 30-40%
higher than that of the uncured resin [8] . In pultrusion, as resin cures, composites part separates from die wall due to resin shrinkage [2] . This affects the heat transfer between the die and the component, the uniformity of resin cure and the dimensions of the pultruded part.
If overlooked, these effects may lead to erroneous results during process simulation.
In the present investigation, numerical schemes for modelling the effects of temperature-dependent material properties including chemical shrinkage and thermal expansion of resin on the curing of thermosetting composites during pultrusion are developed.
These schemes were implemented using the three-dimensional Finite Element/ Nodal Control Volume (FE/NCV) simulation procedure developed and published earlier by the authors [7] .
A case study on cylindrical rod was carried out based on the published data [3] to validate the developed simulation procedure. The geometry was further used to study the effects of temperature-dependent material properties. An example on bridge deck section with an internal die was included to demonstrate the usefulness and application of the numerical procedure in modelling pultrusion of irregular and hollow composites sections.
FE/ NCV MODELLING
The FE/NCV discretization of a pultrusion die with component is shown in Fig. 1 . In this modelling approach the movement of resin-saturated composite preform is simulated as a semi-steady process [7] . For each of the control volumes, parameters such as T and α , and material properties such as c ρ , c p C and c k are assumed constant over a t ∆ . The exothermic effects of cure reaction were added as a source term in the heat energy equation; the detailed numerical procedure may be found in [9] . The numerical schemes developed to account for the convective heat transfer and the shrinkage of composites whose properties are functions of control volume temperatures are discussed below.
Convective effects on temperature
To satisfy the principle of energy conservation, the energy in a control volume should be in equilibrium. The energy of a control volume depends upon its original temperature and the thermal energy flowing in or out of it. Thus, when over a t ∆ , a volume of composite,
moves from control volume 1 − j to control volume j ( Fig. 1 ) and the same amount of composites leaves j , the energy balance may be written as: 
Convective effects on resin cure
When a composite mass either leaves or enters a control volume, state of cure of the control volume changes in the same proportion as that of the mass. Such a change in α for control volume j , j α ∆ , can be calculated using a volume-average technique as:
The sum of 
Dimensional changes
Thermal expansion of resin depends on its temperature. Resin shrinkage is a function of the degree of cure. Therefore, the change in a unit dimension of resin-filled control volume j , j r δ , may be calculated as:
It may be observed from Eq. (4) It may be noted that some of the component edges, especially for the case of hollow sections, cannot shrink freely due to the internal dies. Before starting the analysis such edges of the component and the degrees of freedom to be restricted are identified; the corresponding boundary conditions are given as input to the program so that the original position of these edges is maintained throughout the analysis.
Changes in the material properties
Ignoring the effects of thermal expansion and chemical shrinkage of resin in the longitudinal direction and using a rule of mixture based on the volume fractions of fibre and matrix, the density of control volume j is calculated at the end of every time step as: 
[ ] .
Heat transfer at die-component interface
In the present approach, the heat transfer between component and die is modelled using the concept of thermal surface [10] . 
NUMERICAL IMPLEMENTATION
A flow chart depicting the solution sequence for the developed FE/NCV procedure is shown in Fig. 2 . General-purpose FE package LUSAS [10] is employed to create initial FE models, to perform field analysis and to post-process the results. The user-programs are composed in FORTRAN 77 to supplement the simulation using the above-mentioned and a few other numerical schemes. The FE module and the user-written codes were interfaced using batch files for PC-DOS environment.
It may be noted that T and α for all the control volumes slowly stabilize after the die reaches the maximum set-temperatures in different zones. The simulation may be terminated any time after the output of program UP2 indicates that all the control volumes have satisfied the convergence criteria for T and α . Otherwise, the whole numerical procedure should be repeated over the next time step.
CASE STUDIES
The developed simulation procedure was used for studying pultrusion of a cylindrical rod and a bridge deck section.
Cylindrical rod
This example was based on the work of Valliappan et al. [3] and selected primarily to validate the present numerical procedure. The same cylindrical rod geometry (as shown Fig.   3 ), die temperature profile (as shown in Fig. 4a ), materials (Hercules AS4-12K carbon fibre reinforcement with 37.8% of SHELL EPON9420/9470/537 epoxy resin system by volume), material properties and cure kinetics data as contained in [3] were used in the present analysis.
The properties of the materials are listed in Table 1 whereas the cure kinetics model for the resin is presented in Table 2 . Since thermal loading was constant along the periphery of the rod cross-section, only a segment of the rod defined by an angle of 0.5radians was modelled.
The results of the simulation and its comparison with the published data are given in Fig. 4 . 
Bridge deck section
The details of the hollow bridge deck section along with the external and the internal (or overhanging) dies are shown in Fig. 6 . A heating power of 900W was supplied to each of the six heating pads to achieve required temperatures in the die. HX8 and 48 PN6 elements were used to model the die.
Except for the glass fibre reinforcement (60% volume content), all the process parameters and material properties were the same as used for the cylindrical rod. The properties of the fibreglass reinforcement listed in Table 1 were taken from [4] . The results of the simulation with and without considering the effects of resin shrinkage and temperaturedependent properties are presented in Figs. 7 and 8.
RESULTS AND DISCUSSIONS

Cylindrical rod
It may be observed from Fig. 4 that the results of the present analysis with v r =0.378
matched well with the published data [3] indicating that the developed simulation procedure is numerically correct and reliable.
The plots presented in Fig. 5 show the effect due to the changes in material properties with temperature, the resin shrinkage and the separation at die-component interface when v r =0.5. When these were included in the simulation, the maximum temperature at the centre of the rod dropped to 204°C from 232°C when none of the above effects were considered. In addition, at the rear die-end, the diameter of the rod reduced from 9.5mm to 9.478mm and α dropped from 0.9 to 0.84.
Bridge deck section
The plots of T and α measured at points A and B (their locations are marked in Fig.   6b ) as a function of the length of the die are shown in Fig. 7 . At point A, the results were significantly affected by the temperature-dependent material properties. The maximum temperature at point A dropped from 192°C to 169°C and the final α reduced by 23%. Such high variations were seen only at point A, which lied within the thicker portion of the bridge deck section where the influence of the exothermic heat was higher. On the contrary, the variations were less at point B, as it was located at the interface between the deck section and the die. The maximum contraction of the cross-sectional dimensions of the bridge deck observed during simulation was 0.013mm in the X direction and 0.008mm in the Y direction.
As a consequence, the final profiles of the degree of cure were different from each other when temperature-dependent and temperature-independent properties were used in the analysis; see Fig. 8 for the contour plots.
This highlights the importance of having a simulation procedure for pultrusion such as the present one that can account for changing material properties and heat transfer characteristics at die-component interface as a function of temperature.
CONCLUSIONS
It may be concluded from the results of the case studies that the developed FE /NCV procedure is numerically stable, robust, reliable and can be successfully used for the three- + As learnt from the literature [8] , k and p C of the fully cured resin were assumed to be higher (25%) than the uncured resin. 
